Abstract. Lupinus havardii
The showy racemes of the winter annual Lupinus havardii Wats. (Big Bend bluebonnet) have excellent commercial potential as a greenhouse-grown specialty cut flower (Davis et al., 1994) . The L. havardii raceme is ethylene sensitive and highly perishable (Davis et al., 1994) , thus successful commercialization depends strongly on satisfactory postproduction quality and longevity, as is requisite for other new floral crops (Armitage, 1986; Armitage and Wilkins, 1998; Saxtan, 1998) . Positive vase life response of cut L. havardii racemes to preconditioning treatdency of a plant reproductive structure (Marschner, 1995) .
Since the indigenous habitat of L. havardii is confined to calcareous soils of the semiarid southwestern United States (Davis et al., 1994; Soil Conservation Service, 1974 , the species appears to express calcicole-like behavior in a protected environment (Picchioni et al., 2001) . Calcium supplementation to its greenhouse culture solution would therefore appear to be a logical strategy to extend vase life of the racemes.
Interest in greenhouse cultivation of L. havardii has accrued only recently, thus limited published data exist pertaining to its culture in greenhouse environments, the influence of cultural practices on quality and fresh longevity of its cut racemes, or objective vase life standards. Thus, the objective of this research was to determine the influence of preharvest Ca application through the nutrient solution and 1-MCP preconditioning on L. havardii cut raceme quality changes, particularly on desiccation, which is a major determinant of cut flower senescence (Borochov and Woodson, 1989; Durkin, 1979; Mayak et al., 1974; Paulin et al., 1985) . (21 Feb.) and throughout the CaCl 2 treatment (described below), pots were hand-irrigated with tap water containing 100N-44P-83K (in mg·L -1 ) supplied by Peters 20N-8.8P-16.6K water soluble fertilizer (J.R. Peters, Allentown, Pa.). Subsequent irrigation for each CaCl 2 treatment (initiated and maintained as described below, and added with the fertilizer solution) was provided when an average of 50% of the total water storage capacity of the medium had been depleted. Water depletion was monitored gravimetrically on four randomly selected pots per treatment (one pot per block), and the irrigation volume (3.4 L per pot) resulted in a leaching fraction of 6% to 14%. Irrigation interval ranged from 4 to 9 d. ment with the ethylene action inhibitor silver thiosulfate (STS) has been reported (Davis et al., 1995; Mackay et al., 1999) . However, other vase life extension measures are needed due to environmental concerns over use of the silver-containing STS. Preconditioning treatment with the ethylene action inhibitor 1-MCP is a viable alternative to STS in cut flower preservation (Serek et al., 1995) . Limited observation suggests that 1-MCP preconditioning delays senescence of the cut L. havardii raceme , although quantitative criteria for evaluating senescence were not defined in that study.
Materials and Methods

CaCl
Calcium plays a critical role in delaying senescence of plant organs (Ferguson, 1984) and may be a naturally-occurring alternative to synthetic chemical-based vase life extension of L. havardii. Application of Ca through culture or vase solutions has improved quality and productivity of a number of floricultural crops (Harbaugh and Woltz, 1989; Huett, 1994; Lawton et al., 1989; Mikesell, 1992; Starkey and Pedersen, 1997; Torre et al., 1999) . Shoot tissues of greenhouse-grown L. havardii contain up to a 40-fold higher Ca concentration than raceme tissues (unpublished data), which is consistent with the characteristically low-Ca accumulating ten-washed free of growing medium with tap water then rinsed with deionized water. Shoots (combined leaves, petioles, lateral stems, and main stem) and roots were dried at 60 °C for 10 d, weighed, and saved for dry matter and Ca analysis as described below.
On 9 Apr., CaCl 2 was added to the nutrient solution at concentrations of 0, 2.5, 5.0, and 10.0 mM. Reproductive buds had become visible at this time. The electrical conductivity (EC) of the irrigation solution ranged from 0.90 to 2.63 dS·m -1 for 0 and 10 mM supplemental CaCl 2 solution treatments, respectively. Nutrient solution pH ranged from 6.7 to 6.9. The control solution (tap water and fertilizer without supplemental CaCl 2 ) contained 1.2 mM Ca; hereafter, the four CaCl 2 treatment concentrations are referred to as 0, 2.5, 5.0, and 10.0 mM. The CaCl 2 treatments continued for 88 d (until 6 July, or 135 d past transplanting). At termination (6 July), the mean EC of the saturation extract of a 2-cmwide × 10-cm-deep core of medium (one pot per treatment per block) was well correlated with CaCl 2 concentration in the irrigation solution (medium EC range of 1.66 to 2.65 dS·m -1 , r = 0.96). Medium saturation extract pH ranged from 6.3 to 6.4.
For 7-d vase evaluations, eight mature racemes (40 to 55 cm long) were randomly selected from the 16 potted plants per treatment (two racemes per block) on 10 June (62 d past start of treatment, 109 d past transplanting) between 0800 and 1000 HR. The raceme bases were placed in deionized water, and racemes were immediately taken to the laboratory for nondestructive fresh weight and flower retention monitoring during vase conditions. When taken to the laboratory, racemes were recut at the peduncle base, and the proximal 3-cm lengths of rachii of the double-raceme replicates were submerged in individual 250-mL Erlenmeyer flasks (to serve as vases) containing deionized water. The laboratory vase studies (24 ± 1 °C) were made under continuous cool-white fluorescent lamps with a PPF of 25 µmol·m -2 ·s -1 . Beginning on the day of cutting (day-0, 10 June), raceme fresh weight and mature flower number were recorded daily for up to 7 d in the vase. Because of variation in initial raceme fresh weight (average CV of 23% within treatments), fresh weight and flower number were expressed as a percentage of the day-0 replicate value (e.g., fresh weight retention and flower retention). Racemes were dried at 60 °C for 14 d and saved for Ca analysis as described below.
In a supplementary experiment, we determined mature raceme fresh weight distribution during a 7-d vase period. At both the beginning and end of vase observation (as described above), four, 8-raceme replications were divided into two main fractions of 1) mature flowers (minus pedicels), and 2) combined rachis + pedicels + apex. The apex was an unexpanded terminal bud on day-0 which expanded to include 10 to 12 newly opened flowers by the end of vase evaluation.
At the end of the plant culture period (6 July), one randomly selected pot per replicate per treatment was excavated and prepared as described above prior to dry matter and Ca analysis. Shoot, root, and raceme tissues were ground to pass a 40-mesh screen, and 100 to 200-mg subsamples were subjected to acid block digestion (Parkinson and Allen, 1975) . The Ca concentration was determined using a plasma emission spectrometer (JY70+, Instruments J.A., Edison, N.J.). For racemes, only Ca concentrations on a dry matter basis are presented. Net Ca accumulation in roots plus shoots during the CaCl 2 treatment period (8 Apr. to 6 July) was determined as sum of the products of Ca concentration by shoot or root dry weight on 6 July, minus that obtained on 8 Apr.
Data were subjected to analysis of variance, and sums of squares for CaCl 2 irrigation solution concentration main effects were partitioned into single degree of freedom linear and quadratic orthogonal contrasts. Raceme fresh weight and flower retention during vase conditions were analyzed factorially as CaCl 2 × time (four CaCl 2 treatments × seven daily measurements).
1-MCP preconditioning study. In a second experiment, a total of 135 individually potted L. havardii plants were grown to obtain harvestable racemes for preconditioning treatment with 1-MCP. Irrigation and fertilization methods (minus the CaCl 2 treatments), natural irradiance, vase conditions, and vase evaluation methods were identical to those described for the CaCl 2 study, except that vase life estimation was included and defined as the time (days) when ≥50% of mature flowers had abscised or expressed visible desiccation. Greenhouse temperatures were maintained as described in the CaCl 2 study, except the maximum temperature ranged from 24 to 27 °C. Seedlings were transplanted and irrigation plus fertilization begun on 4 Dec. 1999 (24 d after sowing). On 5 June 2000 (182 d past transplanting), racemes were randomly selected as described for the CaCl 2 study.
All racemes (nonpreconditioned controls and those to be preconditioned with 1-MCP) were taken to the laboratory and held under vase conditions described above. EthylBloc (0.14% w:w; Floralife, Walterboro, S.C.) was used for 1-MCP generation in an airtight laboratory incubator set at 15 °C and having a total volume of 0.58 m 3 . For 1-MCP preconditioning treatment, racemes with freshly cut rachii in water were placed in the incubator equipped with a 10-cm diameter electric fan placed on the bottom shelf to aid gas distribution after 1-MCP volatilization. EthylBloc (145 mg) was added to a beaker resting atop a stirring plate, also positioned on the bottom shelf. The amount of EthylBloc was determined by using commercial recommendations and considering incubator volume, temperature, and treatment duration (12 h). The incubator was closed, and 2 mL of 0.44% (w:v) sodium lauryl sulfate were introduced into the beaker through a tygon tube. The tube was then sealed and the solution stirred for 10 min for complete volatilization. The fan was left on for 12 h in darkness, and racemes were taken out of the incubator and exposed to vase conditions. After recording initial fresh weight and mature flower number (day-0), individual racemes were placed in their flasks containing deionized water and laid out in a completely randomized design (with or without 1-MCP preconditioning) with five replicates. Nondestructive fresh weight and flower count data were recorded daily for 7 d.
Results and Discussion
CaCl 2 study. We did not observe an influence of CaCl 2 nutrient solution treatment on total racemes produced per plant or average number of flowers per raceme over the course of 88 d treatment (data not presented). However, net Ca uptake per plant during the period of CaCl 2 treatment (net accumulation in roots plus shoots) increased with increasing CaCl 2 concentration, averaging 797, 1172, 1488, and 1682 mg per plant for the 0, 2.5, 5.0, and 10.0 mM CaCl 2 treatments, respectively (P ≤ 0.01). Increased Ca uptake per plant was associated with a parallel increase in raceme Ca concentration (Table 1) .
On the harvest day, total fresh weight per cut raceme was 4.0 ± 1.3, 4.2 ± 1.0, 4.1 ± 0.5, and 4.2 ± 0.8 g for 0, 2.5, 5.0, and 10.0 mM CaCl 2 treatments, respectively. For up to 2 d in controls and for up to 3 d in CaCl 2 -treated plants, raceme fresh weight increased above its harvest (day-0) value (Fig. 1) . The early net increase in cut L. havardii raceme fresh weight (1 to 3 d) is a repeatable characteristic (evident in 20 separate experiments; unpublished data), and occurs largely because of water accumulation in the newly expanding flowers of the raceme apex. Following the early net increase in fresh weight per raceme, the fresh weight decreased by a similar rate for all nutrient solution treatments. The linear contrast for the main effect of vase days on raceme fresh weight (Table 1 ) was significant for each of the four nutrient solution treatments (P ≤ 0.001). After 7 d in the vase, the relative net loss in fresh weight below the day-0 value was between 18% and 29%, depending on treatment. Racemes harvested from CaCl 2 -supplemented plants held an average of 3.3% to 7.1% (138 to 296 mg) more of their initial fresh weight throughout 7 d in the vase as compared to the control treatment, and the 7-d average fresh weight retention increased with CaCl 2 concentration ( Fig. 1 and Table 1 ). Thus, the linear increase in fresh weight retention of racemes was associated with a linear increase in raceme Ca concentration.
Results from the raceme fractionation experiment showed that at the beginning of vase conditions, 55.3% of total raceme fresh weight was present in combined rachis + pedicels + apex, and 44.7% in mature flowers. At the end of vase conditions, 78.1% of total raceme fresh weight was present in rachis + pedicels + apex, with only 21.9% in the mature flowers (CV <8% for all four measurements). Thus, the major loss in raceme fresh weight after 7 d (Fig. 1 ) was due to desiccation of mature flowers (59.9% to 67.2%) ( Table 2 ). Application of CaCl 2 reduced the weight loss of individual flowers as well as remaining inflorescence tissues (rachis + pedicels + apex). In the latter combined raceme fraction, the increase in fresh weight after 7 d of vase conditions was primarily due to apical expansion.
Retention of flowers per raceme during the 7-d vase period was not affected by the CaCl 2 treatments (Table 1 ; daily observations not presented). By the end of the 7-d vase period, 91% ± 2% of the 20 to 25 mature flowers remained on the inflorescence. Observation indicated that racemes collected from control plants exhibited a greater tendency to retain visibly wilted flowers as compared to racemes collected from CaCl 2 -treated plants. This was reflected in the differential fresh weight retention per raceme and mature flowers as discussed above, and indicates that, in this study, fresh weight retention may have been a more important quantitative index of raceme vase quality than was flower retention.
1-MCP preconditioning study. Desiccation was more pronounced with the control racemes than with the 1-MCP-preconditioned racemes, particularly toward the end of the vase period (Fig. 2) . Paired t tests of significance indicated that the differences in fresh weight retention were significant at days 4, 5, and 7 (P ≤ 0.01) and at day 6 (P ≤ 0.05). The average fresh weight retention values throughout the vase period were 89.4% and 98.1% for control and 1-MCP-preconditioned racemes, respectively. This difference was similar to that observed in the CaCl 2 study involving the control and 10 mM Ca preharvest irrigation solutions (Table 1) . There was no flower abscission on 1-MCP-treated racemes after 7 d in the vase, whereas control racemes retained an average of only 55% of their flowers by this time (data not presented).
High CaCl 2 and 1-MCP delayed equivalent levels of raceme desiccation by ≈1.5 to 3 d (Figs. 1 and 2) . Considering the physiological importance of desiccation in accelerated senescence of cut flowers (Borochov and Woodson, 1989; Durkin, 1979; Mayak et al., 1974; Paulin et al., 1985) , a 1.5-to 3-d delay in raceme desiccation (e.g., deferral in loss of fresh weight to a given fresh weight value) would likely accompany a parallel delay in loss of functional vase life. While we did not record vase life termination time for the CaCl 2 study, the estimated vase life in the 1-MCP study (based on time to ≥50% abscission or visible flower desiccation) was 4.6 ± 0.4 d for controls as compared to 7.0 ± 0.7 d for the racemes pretreated with 1-MCP. There- Fig. 2 . Fresh weight of cut L. havardii 'Texas Sapphire' racemes during vase life following 1-MCP preconditioning at harvest. Net increase in fresh weight is typical for the first few days of vase observation. Each value is the mean ± SD of five, single-raceme replicates. fore, such a deferral of water loss is of practical importance for quality maintenance of the cut racemes.
In cut carnation, ethylene accelerates loss of water from the petals and reduces water uptake by the cut stem (Lieberman et al., 1964; Mayak et al., 1977) . Thus, 1-MCP, an inhibitor of ethylene action (Sisler et al., 1996) , delayed desiccation of the ethylenesensitive L. havardii raceme in our study (Fig. 2) . In ripening apple fruit (a widelystudied ethylene-forming plant organ), elevated tissue Ca concentration delays the climacteric peak in ethylene synthesis (Lieberman and Wang, 1982) . The similarity in 1-MCP and high CaCl 2 in delaying desiccation of cut L. havardii racemes may indicate that both 1-MCP-treated and high-Ca racemes were partially protected from the deleterious effects of ethylene.
Results suggest that both preharvest Ca application and postharvest 1-MCP preconditioning delay desiccation and thus extend postproduction life of cut L. havardii racemes. Direct comparisons of the effectiveness of Ca fertilization and 1-MCP treatment cannot be made here, since both studies were conducted at different times and with different crops of racemes. There was similar improvement in fresh weight retention by 1-MCP and raceme Ca "enrichment" (up to 7.6 mg·g -1 dry weight) above that of their counterpart control treatments. However, 1-MCP appears to offer greater potential for improving the retention of fresh flowers, as recently reported by Sankhla et al., (1999) , and as indicated in our present study.
